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lift fan moment arm, ft
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lift fan mass flow rate, Ibm/sec
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primary inlet mass flow rate, Ibm/sec
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dynamic pressure, |b/ft2
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wing area, ft2

cruise nozzlethrust, Ib

cruise nozzle thrust command, |b
propulsion system rolling moment, ft-lb
propulsion system pitching moment, ft-1b
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lift fan thrust, Ib

lift fan thrust due to inlet guide vane
authority, Ib

lift fan thrust due to fan rotational speed,
Ib

lift fan thrust command, 1b

left lift nozzle thrust, Ib

left lift nozzle thrust command, |b

right lift nozzle thrust, Ib

right lift nozzle thrust command, |b

core engine total thrust, Ib

core engine total thrust command, |b
aircraft velocity along x body axis, ft/sec
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aircraft velocity along y body axis, ft/sec
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aircraft weight, Ib

aircraft velocity along z body axis, ft/sec

longitudinal distance from cruise nozzle to
aircraft center of gravity, ft

XLF
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YLN
ZCN
ZLF

ZIN

dcN
OLF
OLN
OLNy
OLLN
J ong
OPRCS

ORLN
ORRCS

longitudinal distance from lift fan nozzle
to aircraft center of gravity, ft

longitudinal distance from lift nozzle to
aircraft center of gravity, ft

lateral distance from lift nozzle to aircraft
center of gravity, ft

vertical distance from cruise nozzle to
aircraft center of gravity, ft

vertical distance from lift fan nozzle to
aircraft center of gravity, ft

vertical distance from lift nozzle to
aircraft center of gravity, ft

angle of attack, rad
commanded angle of attack, rad
limited angle of sideslip, rad

commanded flightpath angle, rad

flightpath angle at engagement of
flightpath command, rad

quickened flightpath angle, deg

jet-induced rolling moment increment due
to lift fan thrust

jet-induced rolling moment increment due
to lift nozzle thrust

x body axis force commands, |b

z body axis force commands, |b

aileron deflection, deg

canard deflection, deg

flap deflection, deg

cruise nozzle deflection, deg

lift fan nozzle longitudinal deflection, deg
lift nozzle longitudinal deflection, deg

lift nozzle lateral deflection, deg

left lift nozzle deflection, deg
longitudinal stick deflection, in.

pitch reaction control system thrust, Ib
rudder deflection, deg

right lift nozzle deflection, deg

roll reaction control system thrust, Ib
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NcN
nLF
NLN

s, O¢c
ON, Gj

throttle position, percent of maximum

throttle position deadband for flightpath
command, percent of maximum

throttle position at engagement of
flightpath command, percent of
maximum

past value of throttle position, percent of
maximum

throttle position for level flight command,
percent of maximum

yaw reaction control system thrust, Ib

cruise nozzle efficiency factor

lift fan nozzle efficiency factor

lift nozzle efficiency factor

pitch attitude, rad

commanded pitch attitude, rad

resultant thrust vector angle, deg

time constant, sec

bank angle, rad

Acronyms
APP
ASTOVL

CTO
HUD
IGV
MTV
RCS
STOVL
TRC
VMS
VSRA
V/STOL

WOow

heading angle, rad

core (lift-cruise) engine natural frequency,
rad/sec

approach control mode

advanced short takeoff and vertical
landing

cruise/takeoff control mode
head-up display

inlet guide vane

manual thrust vector control mode
reaction control system

short takeoff and vertical landing
tranglational rate command control mode
Vertical Motion Simulator

V/STOL Systems Research Aircraft
vertical or short takeoff and landing
weight on wheels
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Summary

This report describes revisions to a simulation model that
was developed for use in piloted evaluations of takeoff,
transition, hover, and landing characteristics of an
advanced short takeoff and vertical landing lift fan
fighter aircraft. These revisions have been made to the
flight/propulsion control system, head-up display, and
propulsion system to reflect recent flight and simulation
experience with short takeoff and vertical landing
operations. They include nonlinear inverse control laws
in all axes (eliminating earlier versions with state rate
feedback), throttle scaling laws for flightpath and thrust
command, control selector commands apportioned based
on relative effectiveness of the individual controls, lateral
guidance a gorithms that provide more flexibility for
terminal area operations, and a simpler representation of
the propulsion system.

The model includes modes tailored to the phases of the
aircraft’s operation, with several response types which are
coupled to the aircraft’ s aerodynamic and propulsion
system effectors through a control selector tailored to the
propulsion system. Head-up display modes for approach
and hover are integrated with the corresponding control
modes. Propulsion system components modeled include
aremote lift fan and alift-cruise engine. Their static
performance and dynamic responses are represented by
the model. A separate report describes the subsonic,
power-off aerodynamics and jet induced aerodynamics
in hover and forward flight, including ground effects.

I ntroduction

The development of a mathematical model for simulation
of arepresentative advanced short takeoff and vertical
landing (ASTOVL) aircraft concept is reported in refer-
ences 1 and 2. Those reports include descriptions of the
aircraft’s aerodynamic characteristics, flight/propulsion
control system, head-up display (HUD), and the propul -
sion system performance and dynamic response. This
simulation model was used in an experiment on Ames
Research Center’s Vertica Motion Simulator (VMS) to

gain initial experience with control system behavior and
flying qualities for this aircraft concept.

Based on the results of that simulation, as well as
experience gained in flight experiments on NASA’s
vertical or short takeoff and landing (V/STOL) Systems
Research Aircraft (VSRA), reported in reference 3,
modifications have been made to the control system,
HUD, and propulsion system. This report describes these
modifications in detail. In particular, the control system
was altered to incorporate nonlinear inverse control laws
in all axes. In the model of reference 1, the nonlinear
inversion appeared in the augmented control on longi-
tudinal and vertical velocity and for yaw control in
forward flight. The inverse schemeis now employed in
the pitch and roll axes as well. State rate feedback control
has been eliminated in the control system, with the
exception of the vertical axis, based on concerns of the
practical utility of angular accelerometers for pitch, roll,
and yaw control, and of the need to use linear acceler-
ometers to achieve acceptable control response and
disturbance suppression for control of longitudinal and
lateral velocity in hover. Additionally, new schemes for
scaling the throttle inceptor for use as athrust or vertical
velocity controller have been added to the model. The
control selector has been revised to apportion commands
to the individual control effectors based on their force or
moment producing capability depending on the aircraft
configuration and flight condition. Display modifications
have been incorporated to include lateral guidance for the
approach from the two-circle guidance concept of refer-
ence 4. Additional symbology changes have been
included in the HUD to bring the format into conformance
with an operational display. Finally, the propulsion
system model has been revised to include a smple calcu-
lation of transient response for the core engine and for
thrust transfer between the lift fan and lift and lift/cruise
nozzles.

This report presents a description of the entire control
system, HUD, and propulsion system, including the
maodifications incorporated, to provide continuity with
the description of these systemsin reference 1.



Basic Lift Fan STOVL Aircraft

Thelift fan STOVL aircraft isasingle-place, single-
engine fighter/attack aircraft, shown in figure 1, featuring
awing-canard arrangement with twin vertical tails. Geo-
metric characteristics of the configuration are summarized
in table 1; mass properties are specified in table 2.

The propulsion system concept is presented in figure 2.

It consists of aremote lift fan coupled to alift-cruise
turbofan engine to permit continuous transfer of energy
from the lift-cruise engine to the lift fan. Further, the lift-
cruise engine exhaust is either ducted aft to a thrust
deflecting cruise nozzle in conventional flight or diverted
to two deflecting lift nozzlesin vertical flight. Throughout
transition, flow can be continuoudly transferred between
the cruise and lift nozzles. Lift fan and lift nozzle thrust
can be deflected downward from 45 to 100 deg relative
to the aircraft waterline, and lift nozzle thrust can be
deflected £10 deg laterally as well. The cruise nozzle can
be deflected +20 deg relative to the aircraft waterline in
the vertical plane.

The basic flight control system consists of the canard,
ailerons, and twin rudders for aerodynamic effectors
during forward flight. For powered-lift operation, control
is provided by differential thrust transfer between the lift
fan and lift nozzles, deflection of lift fan and lift nozzle
thrust, and deflection of cruise nozzle thrust. Pitch control
is achieved by a combination of canard deflection, thrust
transfer between the lift fan and lift nozzles, and deflec-
tion of the cruise nozzle. Roll contral is produced by the
ailerons and differential thrust transfer between the lift
nozzles. Y aw control is derived from the combination of
rudder deflection and lateral deflection of lift nozzle
thrust. As an option, reaction control, powered by engine
compressor bleed air, can provide additional control
moments through nozzles located in the wing extremities
and in thetail. Longitudinal acceleration is achieved
through thrust transfer between the lift fan, lift nozzles,
and cruise nozzles and by deflection of the lift fan and lift
nozzle thrust.

The control loop structure with its significant elements
isshown in figure 3. It includes task commands to the
guidance module, display of guidance and situation
information to the pilot, commands to the mode selector
and associated control response types through the
inceptors, the nonlinear inversion using the nonlinear
aerodynamic/propulsion model, and the control selector
for the aerodynamic and propulsion control effectors.
Each element of this structure will be described in the
following sections.

Guidance

For precision tasks such as the approach and vertical
landing, the system described in reference 4 has been
incorporated to provide lateral and vertical guidance from
the point of guidance selection to hover at the intended
landing site. The reference flightpath, shown in figure 4,
is constructed on a horizontal profile based on two circles
connected by tangent lines that represent the aircraft’s
initial path, a segment connecting the two circles, and a
final approach segment. Experience to date has shown
that reasonable settings for the parameters of the
horizontal path called for in reference 4 are asfollows:

Acquiring segment length 5,000 ft
Final segment length 10,000 ft
Acquiring circle minimum radius 8,000 ft
Approach circle minimum radius 6,000 ft

The length of the acquiring segment allows sufficient time
after guidance selection to prepare for the turn onto the
acquiring circle. Length of the final segment permitsthe
aircraft to be set up on the final approach in preparation
for the increased flightpath control workload associated
with the transition from wing-borne to jet-borne flight.
Minimum radii of the respective circles ensure that bank
angles are acceptable for operation under instrument
meteorological conditions.

Vertical guidance provides altitude hold commands from
the point of guidance selection until acquisition of the
glideslope. The glideslope is specified aong the hori-
zontal path derived above. The vertical path levels at the
intended hover height at a distance from the hover point
sufficient to allow for the final stages of deceleration in
level flight.

M ode Selection

Four control modes, shown in table 3, have been provided
for operation of the aircraft in wing-borne and jet-borne
flight. They enable operation in all regimes of conven-
tional wing-borne flight and jet-borne operation with
manual thrust management consistent with current Harrier
operations. In addition, they include control augmentation
that provides for precise, low-workload control of the
aircraft in jet-borne flight that permits operation in
adverse weather conditions that is not achievable with

the current Harrier fleet.



In the cruise/takeoff (CTO) mode, the aircraft can be
flown conventionally for wing-borne takeoff, cruise, and
landing. The pilot has direct control of lift-cruise engine
thrust; however, the propulsive lift systemisnot in use,
and the pilot has no direct control of thrust vector angle.
Rate damping augmentation and angle-of-attack stability
are provided for pitch control, rate damping augmentation
is provided for roll control, and sidedlip rate damping and
directional stability are included for yaw control.

The manua thrust vector (MTV) mode provides for
operation in jet-borne flight including vertical and short
takeoff, transition, hover, and vertical and slow landing.
In this mode, the pilot has manual control of the magni-
tude of the propulsion system thrust (lift fan pluslift-
cruise engine thrust) and the deflection of the resultant
thrust vector, thus allowing the aircraft to be configured
and controlled for the phases of operation noted above.
No feedback control loops are used for either speed or
flightpath control. Pitch and roll are controlled through
rate command/attitude hold augmentation in transition,
blending to attitude command/attitude hold at low speed.
Y aw control isthe same asfor CTO at higher airspeeds
during transition, and then blends to yaw rate command
at low speed.

The approach (APP) mode is designed to reduce workload
and improve precision of control of the longitudinal and
vertical response during the decelerating transition to
hover or for slow landings. It provides the pilot with
independent control of the longitudinal and vertical axes.
In so doing, it activates alongitudinal acceleration
command/velocity hold system, with thrust vector angle
as the speed control effector. Asthe aircraft decelerates
from wing-borne to jet-borne flight, a flightpath command
augmentation system is activated when the propulsion
system is configured to provide effective control of the
vertical axis. This mode is engaged when the resultant
thrust vector angle exceeds 70 deg and the commanded
core engine thrust exceeds 60 percent of its maximum
value. This system remains engaged until the net thrust
vector angle decreases below 47 deg or the throttle angle
is reduced below 20 percent of full throw. Until the
flightpath command augmentation is engaged, the pilot
still has direct control of lift-cruise engine thrust. When
the throttle is advanced beyond 95 percent of full throw,
direct command of thrust is once again available. The
flightpath command system will then reengage once the
throttle is reduced below 90 percent of full throw. Pitch,
roll, and yaw control are identical to that for MTV.

Thetranglational rate command (TRC) modeis available
for precision control of hover positioning and vertical
landing. In this mode, decoupled command of longitudi-
nal, lateral, and vertical velocity is provided. Longitudinal

velocity control is achieved through deflection of the
thrust vector at constant pitch attitude. Lateral velocity
command is realized through roll control. The yaw axis
control remains the same asthat for MTV.

Control mode availability is subject to the restrictions
shown in figure 5. The lift fan has a 250 knot airspeed
operational limit; thus CTO isthe only mode available for
this and higher airspeeds. The pilot engages the lift fan

by selecting MTV or APP when the airspeed is between
250 and 150 knats; if the lift fan is not engaged and the
airspeed decreases below 150 knots, then flight must be
continued in CTO mode. TRC cannot be selected until
ground speed relative to the intended landing position has
dropped below 20 ft/sec. Upon landing in jet-borne flight,
the flight control mode revertsto MTV and direct control
of thrust. MTV mode is used for vertical and short takeoff
with the pilot in direct control of the thrust vector. The
CTO mode can aso be selected while the aircraft ison
the ground for a conventional takeoff. The lift fan will be
shut down automatically in flight if the airspeed exceeds
250 knots; the pilot can manually disengage the lift fan by
selecting CTO mode, but this option is available only if
the net thrust vector angleis directed fully aft. The MTV
mode can be selected any time the lift fan is engaged by
depressing a button on the nozzle lever. This button
disengages the clutch that backdrives the thrust vector
handle and allows the pilot to manually direct the thrust
vector, providing arapid acceleration or wave-off
capability.

Displays

The HUD, described in detail in reference 5, provides the
primary flight display for all phases of operation. A base-
line set of symbology is presented for all flight regimes
and is augmented by command and situation information
for precision approach and hover. The baseline display
includes aircraft attitude, speed, angle-of-attack reference,
atitude, engine rpm, thrust vector angle, flap angle,
longitudinal acceleration, heading, and distance to the
hover point, as shown in figure 6.

Symbology added to the display for precision guided
approach to hover are also shown in figure 6. Thisinfor-
mation appears upon guidance selection in either the
MTYV or APP mode. The guidance display is aflightpath
centered, pursuit presentation that enhances the external
visual cues, centers them on the aircraft’ s flightpath, and
presents the pilot with a pursuit tracking task for follow-
ing the intended transition and approach guidanceto a
final hover point. Course and glideslope guidance are
provided in the form of aleader (ghost) aircraft that
follows the desired flight profile. The pilot’stask isto



track the ghost aircraft with the flightpath symbol. As
indicated in reference 5, the flightpath symbol is quick-
ened to compensate for lagsin the airframe and propul -
sion system response. This quickening is employed
only when guidance is selected. Otherwise, the symbol
presents the aircraft’s actual flightpath. For control modes
where thrust is controlled manually using the throttle
(CTO and MTV), the flightpath compensation includes
lagged pitch rate and washed-out throttle commandsin
combination with the true flightpath in accord with the
following equations:
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The pitch rate term is blended out for speeds below

70 knots, and true airspeed is frozen at 100 ft/sec for
speeds less than 100 ft/sec. Gains and washout frequen-
ciesareKq=1, Ag_ =0.3ft/ sec?/pct. When flightpath
command augmentation is engaged and flightpath is
commanded directly by the throttlein APP mode, the
flightpath symbol drive is complemented with its
commanded value in the short term according to
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The washout frequency wy is 0.7 rad/sec. Lateral flight-
path, scaled to avoid symbol limiting in the presence of
winds, is represented by the flightpath symbol. For the
APP mode, deceleration guidanceis presented by an
acceleration error ribbon on the left side of the flightpath
symbol which the pilot nulls to follow the deceleration
schedule. When guidance is not selected, the guidance
related symbols (ghost aircraft, acceleration error ribbon,
longitudinal acceleration scale, landing deck, and glide-
slope reference line) are removed from the display. In
this case, the longitudinal acceleration caret is scaled in
degreesto be read in reference to the pitch ladder and
represents potential flightpath, that is, the flightpath
which can be achieved in unaccelerated flight.

During the latter stages of deceleration as the aircraft
approaches the intended point of hover, selective changes
are made to the approach display to provide guidance for
the hover point capture. Specifically, the longitudinal
velocity vector, predicted longitudinal velocity, and
station-keeping cross appear referenced to the vertical

velocity diamond symbol as shown infigure 7. The
longitudinal velocity symbol is driven by the velocity
commanded by the control system. The pilot controls
the velocity predictor toward the station-keeping cross
position and adjusts velocity to bring the cross to rest at
the reference hover point, indicated by the cross being
adjacent to the vertical velocity diamond. This added
symbol group is removed from the display while on the
ground.

When the trandational rate command (TRC) mode is
selected for precision hover and vertical landing, the HUD
format superimposes vertical and plan views and provides
command and situation information in a pursuit tracking
presentation (fig. 8). In the horizontal situation, the
aircraft velocity vector is represented by aline emanating
from the aircraft symbol. A pad symbol represents the
landing area. Horizontal and vertical velocity predictor
symbols, whose displacement and orientation from the
aircraft symbol indicate magnitude and direction, provide
the pilot lead information for hover maneuvering. Hori-
zontal velocities commanded by the control system are
displayed directly by the predictor ball. The vertical situa-
tion is displayed by a diamond referenced to the right leg
of the aircraft symbol whose displacement, tyy, is propor-
tional to complemented vertical speed. Vertical velocity is
complemented with the washed-out vertical velocity
command to provide the command

tw, —me+hc%% 4)

where wy = 0.7 The diamond symbol is displayed against
avertical bar whose length represents the operational
vertical velocity limits for the landing gear. The length

of the bar is based on the vertical velocity relative to the
landing pad. For shipboard operation, when vertical deck
motion can be uplinked to the aircraft, relative closure rate
to the deck is presented on this symbol. This bar provides
the pilot with an indication of sink rate margin for the
vertical landing. A horizontal bar indicates the altitude
remaining to touchdown.

A panel mounted head-down display of simple format
presents a compass rose and a plan view of the reference
flightpath following guidance select. Digital display of
ground speed along track is also provided.

Inceptors

Inceptors available in the cockpit and their relation to

response types for the various control modes are shown
in figure 9. Individual inceptors are the center stick and
trim switch, pedals, throttle lever, nozzle lever, throttle



thumbwheel, and flap switch. The relationship of each
inceptor to response type can be interpreted using the key
for the individual control modes shown in the upper left
corner of thefigure.

The center stick commands pitch and roll ratein CTO,
pitch and roll rate command/attitude hold in MTV and
APP at higher speeds, blending to attitude command/
attitude hold at lower speeds, and longitudinal and lateral
inertial velocity in TRC. The blending rangein MTV and
APP for pitch control is between 60 and 70 knots; for roll
control the range is 40 to 60 knots. Mechanical charac-
teristics of the stick, presented by a McFadden control
loader, include control throws of £5.65 in. for pitch and
+4.25in. for roll. Force characteristics include a pitch
gradient of 1 Ib/in., breakout force of 1 |b, and hysteresis
band of 0.5 Ib. Comparable characteristics for roll are a
gradient of 0.7 Ib/in., breakout of 0.5 Ib, and hysteresis of
0.2 Ib. These characteristics are fixed and do not vary with
flight condition. The trim switch on the stick provides
pitch and roll ratetrimin CTO, and in MTV and APP in
conjunction with the rate command/attitude hold response
type. At low speed when the attitude command response
typeisfunctional, the trim switch provides attitude trim.
In TRC, the trim switch adjusts the commanded
longitudinal and lateral inertial velocities.

In CTO, pedals function as sidedlip command, while in
MTYV and APP they provide sideslip command at high
speed, blending to yaw rate command at low speed. The
blend occurs from 40 to 60 knots. Pedals provide yaw rate
command in TRC. Mechanical characteristics consist of a
full throw of £2.1in., force gradient of 15 Ib/in., breakout
of 51b, and hysteresis of 2 Ib.

The throttle controller commands total thrust magnitude
in CTO and MTV modes, and in APP mode when flight-
path command augmentation is not engaged. When
flightpath command is engaged in APP mode, the throttle
commands flightpath angle when ground speed is greater
than 60 knots and vertical velocity when speed is less than
60 knots. In TRC, the throttle controls vertical velocity.

To eliminate any transient response during the throttle
control’ s reconfiguration, the throttle control command is
scaled to match the new control command state at the
mode switch. Figure 10 provides an illustration of this
scaling; table 4 presents the associated logic flow dia-
grams. When the flightpath command mode engages, the
current flightpath angle and throttle position are used to
establish a point on the flightpath-throttle curvein

figure 10(a). A second point is defined by maximum
commanded flightpath angle and maximum throttle
position to ensure capability to achieve the maximum
commanded climb capability. These two points define
the upper slope for throttle scaling. The upper slopeis

extended down to a point associated with a defined
throttle position or to the minimum flightpath. The lower
slope extends from that defined throttle position and its
associated flightpath angle down to the minimum flight-
path and throttle position. The new control sensitivity of
the throttle is bounded by upper and lower scaling slopes
in figure 10(a) to prevent any unreasonable control
sensitivity change due to the mode switch. If flightpath
command engages outside these boundaries, the maxi-
mum or minimum slope is used, and is anchored on the
point for maximum flightpath and throttle position. The
commanded flightpath is adjusted to match the current
throttle position on that limiting slope. For flightpath
control, the throttle is scaled typically from 20 to

95 percent, and the maximum and minimum commands
and the slopes are listed in table 5. Flightpath command
is disengaged for throttle positions outside this range
and the throttle reverts to thrust command. The maximum
and minimum slopes are selected to provide reasonable
control sensitivities and to allow only reasonable mode
switching transients should they occur.

When the throttle reverts from flightpath to thrust
command, the throttle position and total thrust existing at
that instant are used, along with the maximum throttle
position and thrust, to define an upper slope for the thrust-
throttle curve shown in figure 10(b). A lower slope,
defined for lower throttle positions, connects the point for
throttle and thrust at the mode switch to the point for idle
thrust and throttle. Since the upper and lower slopes can
differ from the baseline (and desired) linear slope defined
by minimum and maximum thrust and throttle, these two
slopes are adjusted after the mode switch to restore the
linear relationship. This adjustment is accomplished by
modifying the upper and lower dopes as thethrottle is
moved to connect the maximum and minimum thrust and
throttle points to the new thrust and throttle position. An
example of two cycles of this adjustment (fig. 10(b))
shows an initial throttle increase with commanded thrust
advancing along the original upper slope. The lower slope
is then adjusted to the new throttle position. Subsequently,
the throttleis retarded, producing athrust command
defined by the new lower slope, and the upper slopeis
readjusted to this throttle position and thrust. These
adjustments proceed with succeeding throttle movements
until the upper and lower slopes are restored, within
tolerances, to establish the original linear relationship
between throttle and thrust. These tolerances are such as
to bring the slopes between 0.99 and 1.01.

The nozzle lever has the sole function of command of the
resultant thrust vector anglein MTV. Otherwise, itis
backdriven to a position consistent with the thrust vector
angle being commanded for CTO, APP, or TRC mode, so
asto bein the correct position when a switch occurs from



any of these modesto MTV. Activation of the wave-off
switch on the top of the nozzle lever will initiate a switch
from any of these modesto MTV so long as the nozzle
lever isin aposition consistent with the current thrust
vector angle. If the nozzle lever is not properly positioned
within a specified threshold, the mode switch to MTV will
not occur.

The throttle thumbwheel serves the function of command
of longitudinal acceleration/velocity hold in APP mode. It
isaproportional control with center detent and adjustable
friction. When in the detent, the thumbwheel commands
the system to hold the existing inertial velocity. The APP
mode cannot be engaged if the thumbwhee! is out of
detent position. If the thumbwheel is moved from the
detent in TRC mode, the mode control logic will interpret
thisinput as an acceleration command and will switch the
system to APP mode.

A two-position flap switch is located on the left side
console in front of the throttle quadrant. The switch
commands the flaps to either the up on down position.

Response Types

The response types are subdivided corresponding to pitch,
roll, and yaw attitude control and vertical, longitudinal,
and lateral velocity control. They consist of feed-forward
command shaping, conventional state feedbacks, and
proportional-plus-integral control in the forward path
where appropriate. The discussion to follow covers the
control law structures for each axis and the accommoda-
tion of the response types associated with the individual
control modes.

Pitch Control

A block diagram of the overall pitch control structureis
shown in figure 11. The pilot’ s inputs are introduced
through the control stick and trim switch. Rate command,
rate command/attitude hold, or attitude command/attitude
hold response types can be implemented, depending on
whether the gain KqcaH is zero or not, and whether flaps
are up or down. Rate-command/attitude hold is blended to
and from attitude-command/attitude hold between 70 and
60 knots through the blending gain Kgg. The rate com-
mand integrator isinitialized to the current value of Kg8
if flaps are up or the aircraft has weight on wheels (wow).
If the authority of the pitch control effectorsis exceeded
and the pilot’s command would drive the controls further
into saturation, the output of the integrator isheld at its
past value. Gain KTHEcAH €establishes control sensitivity
for attitude command; KqcaH serves the same purpose
for the rate command while KTHeH is used to adjust

overshoot in pitch response for that response type. Control
sengitivity in CTO modeis set by Kqc. Pitch trimisintro-
duced as a bias to the commands initiating from the stick.
Trim inputs originate from the trim switch and from a
preset input for short takeoffs, should the latter be
selected.

Gain Kgg blends feedback variables between body
angular rate and angle of attack and Euler axis sensors
depending on flap position (Kgg = 0 flaps up; 1 flaps
down). Angle-of-attack feedback is referenced to the
angle of attack that exists at CTO mode engage.
Proportional-plus-integral control in the forward path

is obtained from the positive feedback of the pitch
command through the first-order lag defined by Tpitch
and is used for both the rate command/attitude hold and
attitude command response types. When on the ground,
the input to the first-order lag is set to zero. Rate and
position limits on the combined command and feedback
variables, prior to input to the lag filter, provide protection
against integrator windup. This output is then multiplied
by the aircraft’s pitch moment of inertia and differenced
with the nonlinear model to obtain the pitching moment
command to the control selector.

Gains and time constants for the pitch control laws are
givenin table 6. System response characteristics for the
pitch rate command/attitude hold system at 200 knots are
portrayed in figure 12. Representative time history data
are shown in figure 12(a) and frequency responses are
presented in figure 12(b). Overshoot in attitude response
is desirable to quicken flightpath response. Bandwidth for
attitude control is 3.8 rad/sec. Similar data are shown in
figure 13 for the attitude command system in hover. Here
the response is deadbeat as desired. In this case, the
bandwidth is 6.7 rad/sec.

Roll and Lateral Velocity Control

Roll control modes are presented in figure 14. Rate
command, rate command/attitude hold, or attitude
command/attitude hold modes are produced with the
same form of control laws as for pitch. The control stick
and trim switch provide the pilot’ s inputs, and the control
gains and limiting logic are completely analogous to
those for pitch. Aswas the case for pitch control, rate
command/attitude hold is blended to and from attitude
command/attitude hold through the gain Kgp between
60 and 40 knots. The rate command integrator is limited
in asimilar fashion to the pitch rate command. Gain
KpHicaH establishes control sensitivity for attitude
command; KpcaH serves this purpose for the rate com-
mand mode while KpyH is used to adjust overshoot in
roll response. Gain K pc establishes control sensitivity in
CTO mode. Roll trim isintroduced as a bias to the roll



command. Again, Kgg blends body angular rate and Euler
axis feedbacks, depending on flap position.

When operating in conventional flight, the command and
feedback loops are referenced to stability rather than body
axes. Therefore, the roll and yaw commands are trans-
formed into body axes in this mode (when flaps are up)
before being sent to the control selector. Rate and position
limits on the combined command and feedback variables,
prior to input to the lag filter, provide protection against
integrator windup.

Lateral velocity control is accomplished by introducing
bank angle commands to the roll attitude command/
attitude hold control laws. The switch in figure 14 selects
the lateral velocity command path from the stick for
TRC mode. Gain Ky sets velocity command control
sengitivity and Kyy provides the desired control band-
width. The pilot’s commands with the stick input neutral
are referenced to the speed of the intended landing spot,
whether shipboard or land based. Proportional-plus-
integral control through the lagged feedback is also
employed for the TRC mode.

The output of the roll command and feedback control is
multiplied by the aircraft’s roll moment of inertiaand
differenced with the nonlinear model to obtain the rolling
moment command to the control selector.

Gains and time constants for the roll and lateral velocity
control laws are given in table 6. Time historiesand
frequency response data for the roll rate command/attitude
hold system at 200 knots are shown in figure 15. Band-
width for attitude control is 3.3 rad/sec. Similar data are
shown in figure 16 for the attitude command system in
hover. Here the bandwidth is 7.1 rad/sec. Datafor latera
velocity response in TRC mode are shown in figure 17.

In this case, the bandwidth for lateral position control is
0.6 rad/sec.

Y aw Control

Y aw control modes, shown in figure 18, provide sideslip
command during wing-borne and semi-jet-borne flight
and blend to yaw rate command at low speed and in
hover. The gain Kg provides alinear blend between the
two modes over the speed range from 60 to 40 knots. At
higher speeds, control sensitivity is adjusted with K, and
sideslip command is produced by a second-order Dutch
roll model derived from measured sideslip and sideslip
rate, where Kg is chosen to set Dutch roll frequency and
the sidedlip rate gain KB establishes Dutch roll damping.
During low speed and hover, K gpH sets control sensitivity
and yaw rate command is based on the feedback of
heading rate. When operating in conventional flight, the
command and feedback |oops are referenced to stability

rather than body axes. Therefore, the roll and yaw
commands are transformed into body axesin this mode
(when flaps are up) before being sent to the control
selector. The output of the yaw command and feedback
control is multiplied by the aircraft’s yaw moment of
inertia and differenced with the nonlinear model to obtain
the yawing moment command to the control selector.

Gains and time constants for the sideslip and yaw rate
command control laws are given in table 6. Representa-
tive time and frequency response characteristics for the
sideslip command system at 200 knots and the yaw rate
command system in hover are shown in figure 19.
Bandwidth for heading control in hover is 3.1 rad/sec.

Longitudinal Velocity Control

Longitudinal velocity control laws provide an acceleration
command/velocity hold response type for APP mode and
velocity command in TRC mode. The system block
diagram is shown in figure 20. During transition between
forward flight and hover, the pilot commands longitudinal
acceleration using the throttle thumbwheel. Control
sensitivity is established by the combination of the gain
Ky, and shaping on the thumbwheel input. If the longi-
tudinal control effectors are limited, the thumbwheel input
to the velocity command integrator is replaced by sensed
longitudinal acceleration to update the velocity command
at the rate sustainable by the control effectors. For TRC,
the thumbwhee! is switched out and the control stick
provides longitudinal velocity commands. Control
sensitivity is now set by Kyxc. In thismode, the stick is
disconnected from the pitch attitude command system

and hover maneuvering is performed at a constant pitch
attitude. The pilot’s commands with the stick input neutral
are referenced to the speed of the intended landing spot,
shipboard or land based. Velocity control bandwidth is
based on Ky/x.

Proportional-plus-integral control in the forward path is
based on the first-order |ag feedback defined by Tjong.
When on the ground or with the system not engaged, the
output of the first-order lag is set to zero. Rate and posi-
tion limits on the combined command and feedback
variables, prior to input to the lag filter, provide protection
against integrator windup. This output is then multiplied
by the aircraft’s mass, resolved into body axes, and
differenced with the nonlinear model to obtain the
longitudinal force command to the control selector.

Gains and time constants for the longitudinal velocity
command are given in table 6. Time histories and fre-
quency responses for longitudinal velocity in TRC mode
are shown in figure 21. Bandwidth for longitudinal
position control is 0.8 rad/sec.



Vertical Velocity Control

When APP or TRC mode is engaged and thrust vector
angle and throttle position satisfy the engage criteria,

the vertical velocity command control laws, shown in
figure 22, are activated. The throttle lever introduces a
flightpath command input through command scaling
discussed previously. The combination of this command
and the flightpath command from pitch attitude changes
forms the total flightpath command which isthen
converted to vertical velocity command. Since flightpath
command from pitch attitude is not appropriate at jet-
borne speeds, it is blended out between 90 and 70 knots.
The velocity V is ground speed along track and is used
to convert the pilot’s flightpath angle command to an
equivalent vertical velocity command. For ground speeds
below 100 ft/sec, this velocity isfrozen at that value to
convert the pilot’s command from flightpath angle to a
scaled vertical velocity command appropriate for hover
and low speed flight. Control bandwidth is established by
the gains Ky and Ky, on vertical velocity and
acceleration feedback, where Ky, isnormally unity.

Proportional-plus-integral control in the forward path is
based on the first-order lag feedback defined by Tyert.
When on the ground or with the system not engaged,

the output of the first-order lag is set to zero. Rate and
position limits on the combined command and feedback
variables, prior to input to the lag filter, provide protection
against integrator windup. This output is then multiplied
by the aircraft’s mass, resolved into body axes, and differ-
enced with the nonlinear model to obtain the vertical force
command to the control selector.

Gains and time constants for the vertical velocity
command control laws are given in table 6. Time histories
and frequency response data for vertical velocity in TRC
mode are shown in figure 23. Bandwidth for height
control is0.75 rad/sec.

Nonlinear Inverse Control Scheme

The principle of nonlinear inverse control as applied here
follows the concept of the author’s colleague, G. Meyer,
reported in reference 6, and as subsequently applied by
the author to several V/STOL aircraft concepts and
summarized in reference 7. The inversion of the aircraft
dynamicsis achieved by determining the forces and
moments currently developed by the aircraft (derived
from a nonlinear aerodynamic and propulsion model and
measurements of the aircraft’s current states) and differ-
encing them with the forces and moments commanded by
the pilot through the response types. These incremental
forces and moments then become the commands to the

force and moment control effectors required to achieve
the desired response.

In the control law descriptions for the pitch, roll, yaw,
longitudinal, and vertical axesin figures 11, 14, 18, 20,
and 22, the nonlinear model elements are shown at the
lower right of each figure. These elementsinclude
contributions from the aircraft’ s nonlinear aerodynamics
for pitch, roll, and yaw moments, lift and drag, flow
momentum forces from the lift fan and lift-cruise engine
inlets, gravitational forces, and moments arising from
inertial coupling. Elements of the computation of these
forces and moments may derive from multidimensional
tabular data of aerodynamic coefficients, aircraft state
measurements, aircraft configuration geometry, weight,
and inertias. Each of the figures mentioned above should
be consulted for specific contributions to the forces and
moments for each control axis.

Control Selector

The control selector receives force and moment com-
mands as derived above and generates the appropriate
control surface, cruise nozzle deflection, propulsion
system nozzle thrusts and deflections, and reaction

control system commands. The following two subsections
describe the attitude control moment generators and
control of the propulsion system components’ thrust and
thrust deflection.

Attitude Control

As noted in the description of the basic aircraft, a number
of control effectors are required to provide moment
control over the aircraft’ s flight envelope. Asthe aircraft
transitions from wing-borne to jet-borne flight, a
redundancy exists between purely aerodynamic and
propulsion generated controls. The design approach to
resolve this redundancy is to utilize each effector in
accord with its control effectiveness depending on flight
condition and aircraft configuration. Thus, moment
commands, produced by the pitch, roll, and yaw control
response types and by the nonlinear model, are appor-
tioned to the individual control effectors in proportion to
the moment generating capacity of each effector for the
existing aircraft configuration and flight condition. This
distribution of control can be represented generaly by
Moment Command; = (Max Moment;j/Max Moment) -

x Tota Moment Command

Max Moment = ¥; Max Moment; (6)



where the subscript i refers to the individual moment
effectors. Specific implementation of the pitch, roll, and
yaw controls follows.

Pitch control— The block diagram of figure 24 sets forth
the control selector for pitch control. Command paths for
theindividual controls (canard, cruise nozzle, thrust split
between the lift fan and lift nozzles, and reaction control)
areindicated. Since, in general, pitching moment authori-
tiesfor the individual controls are not symmetric about
neutral, the control path distinguishes between positive
and negative pitch commands, and maximum and
minimum values must be established in each case.
Individual pitching moment authorities are as follows,
first for the canard.

PMCANMX = (CMCANMX -~ CMADCAO)GSc (7

PMCANMN = (CMCANMN -CMADCAOQ)GSc  (8)

where CMCANMX and CMCANMN are presented in
figures 25 and 26 and represent the limiting values of
pitching moment coefficient that can be achieved at a
given angle of attack. These limits do not necessarily
correspond to the physical limits of the canard deflection
since canard stall is encountered in some instances before
reaching maximum deflection. Cruse nozzle authorities
are symmetric and are related to the maximum nozzle
deflection by

PMCNMX = -Tgy * Xcn * SSN(DPCNMX) — (9)
PMCNMN = ~PMCNMX (10)

and are based on the cruise nozzle deflection limit
DPCNMX of 20 deg. Authorities for thrust split between
the lift fan and lift nozzles depend on whether either thrust
is approaching its limit. The maximum lift fan thrust
TLFMAX is 20,000 Ib and maximum lift nozzle thrust
TLNMAX is 24,000 Ib. Depending on whether the lift fan
is operating near its maximum or minimum thrust, two
limits must be observed. They are

PMTHRMX1=(TLFMAX - T g)(L g -L N) (1D)
PMTHRMX2 =T \(LLF - LLN) (12)

where T and T\ are the respective lift fan and lift
nozzle thrusts excluding pitch control inputs. PMTHRM X
then isthe lesser of PMTHRMX1 or PMTHRMX2. The
minimum (or nose down) authority is defined similarly by

PMTHRMNL= ~(TLNMAX - T N )(LLF -L1n) (13)

PMTHRMN2 =-T (L F-LN) (14)

and PMTHRMN isthe greater of PMTHRMN1 and
PMTRHMNZ2. Reaction control, when selected, has a
symmetrical authority defined by

PMRCSMX = -DPRCSMX * XRpcs (15)
PMRCSMN = ~PMRCSMX (16)

where the maximum pitch reaction control thrust
DPRCSMX is 1250 Ib. Finaly, the total pitch control
authorities for nose up and nose down control are

PMMAX = PMCANMX +PMCNMX
1
+ PMTHRMX + PMRCSMX

PMMIN = PMCANMN + PMCNMN
(18)
+ PMTHRMN + PMRCSMN

With these definitions of the individual and total control
authorities, the individual control commands can now be
determined. For the canard, the command is

PMCAN = (PMCANMX / PMMAX)PITCHcMmD
or (PMCANMN/PMMIN)PITCHcMD

depending on whether the total pitch command is positive
or negative. This command is then nondimensionalized
and used as the pitching moment coefficient input to the
inverse table shown graphically in figure 27 to obtain the
required canard deflection. The output of the tableis
limited to +30 deg, while the table contains internal limits
to avoid regions of canard stall. This value becomes the
canard servo command. Cruise hozzle pitch commands
are derived similarly, based on cruise nozzle pitch
effectiveness. This command is converted to a nondimen-
sional argument as a function of nozzle thrust, and cruise
nozzle deflection is derived from the arcsin of that
argument. Pitching moment commands for lift fanift
nozzle thrust split are sent to the thrust management
system to arrive at the individual nozzle thrusts. Reaction
control thrust, when selected, is simply the ratio of the
moment command and the reaction control system (RCS)
nozzle moment arm to the center of gravity.

Roll control- The control selector for roll control appears
in figure 28. Command paths are shown for the individual
controls (ailerons, thrust split between the right and | eft
lift nozzles, and reaction control). Rolling moment
authorities for the individual controls are symmetric about
neutral, thus only the maximum authority need be defined.
Individual rolling moment authorities, starting with the
aileron, are asfollows:

RMAILMX = CLAILMX* gSh (20)



where CLAILMX, presented in figure 29, represents the
limiting value of rolling moment coefficient that can be
achieved at a given angle of attack. Authorities for thrust
split between the right and left lift nozzles depend on the
level of lift nozzle thrust. The individual nozzles are
oversized for roll control and the maximum individual lift
nozzle thrust available exceeds the baseline limit for that
nozzle by 30 percent. Thusfor TLNMAX = 24,000 Ib,
TLLNMAX = 1.3*(24000/2) = 15,600 Ib. The maximum
roll control authority, based on the level of lift nozzle
thrust, is

RMLNMX =1.3* TLN * YLN * COSéLN (21)

Reaction control, when selected, has an authority defined
by
RMRCSMX = DRRCSMX * Yrcs (22)

where the maximum roll reaction control thrust
DRRCSMX is 1250 Ib. Taking the three controls into
account, the total roll control authority is

RMMAX = RMAILMX + RMLNMX
(23)
+ RMRCSMX

Individual roll control commands can now be determined,
asindicated in figure 28. For the aileron, the command is
nondimensionalized and combined with the nondimen-
sional yaw command, CNRUD, to produce decoupled
rolling and yawing moments from the ailerons and rudder.
In this case, where aileron and rudder effectiveness are
linear, the decoupling is accomplished by solving the
linear equations for aerodynamic moments from the
ailerons and rudder for aileron and rudder position. The
two equations are

CLDA * DAIL + CLDR* DRUD = CLAIL (29
CNDA * DAIL + CNDR* DRUD = CNRUD  (25)

The four control effectiveness derivatives (CLDA,

CLDR, CNDA, and CNDR) in body axes are presented as
functions of angle of attack in figures 30-33. If control
effectiveness were nonlinear, rolling and yawing moment
coefficients from the aileron and rudder could be com-
bined in a two-dimensional table with inputs of CLAIL
and CNRUD and outputs of DAIL and DRUD. Rolling
moment commands for lift nozzle thrust split are resolved
into the vertical axis through the cosine of lift nozzle
deflection and divided by the lift nozzle moment arm to
arrive at the differential nozzle thrust command. The
differential commands are summed with the lift nozzle
thrust determined by the thrust management system to
produce the right and left lift nozzle thrust commands.
Reaction control thrust, as for the case of pitch, isthe ratio
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of the moment command and the RCS nozzle moment
arm to the center of gravity.

Yaw control- Figure 34 presents the control selector for
yaw control. Command paths for the individual controls
(rudder, lateral deflection of lift nozzle thrust, and reac-
tion control) are shown in the figure. Y awing moment
authorities for the individual controls are symmetric about
neutral, and only the maximum authority is defined.
Individual yawing moment authorities, first for the rudder,
areasfollows:

YMRUDMX = -CNDR* RUDMAX *GSb  (26)

where RUDMAX is 30 deg. Authority for lift nozzle
thrust deflection is determined by

YMLNMX = —T| \ * X N * DYLNMX @7

where the limit of lateral thrust deflection of the lift
nozzlesis 10 deg. Reaction control, when selected, has
an authority defined by

YMRCSMX = -DYRCSMX* Xrcs (28)

where the maximum roll reaction control thrust
DYRCSMX is 1250 |b. The total yaw control authority is

YMMAX = YMRUDMX +YMLNMX
(29)
+YMRCSMX

Commands for each control are shown in figure 34. The
rudder command is nondimensionalized and combined
with the nondimensional roll command, CLAIL, to
produce decoupled rolling and yawing moments as
described in the roll control discussion. Y awing moment
commands for lift nozzle thrust deflection are converted
to anondimensional argument as a function of nozzle
thrust, and lift nozzle deflection is derived from the arcsin
of that argument. When the lift nozzle deflection angle
does not coincide with the vertical axis of the aircraft,
differential lift nozzle thrust for roll control produces
uncommanded yawing moments. To cancel these
moments, an interconnect between differential lift nozzle
thrust and lateral lift nozzle deflection isintroduced as a
function of the sine of lift nozzle longitudinal deflection
O N- Reaction control thrust again istheratio of the
moment command and the RCS nozzle moment arm to
the center of gravity.

Thrust Management

The purpose of the thrust management system isto
convert commands from the longitudinal and vertical
velocity control response types viathe control selector
and from the pilot’ s throttle and nozzle leversto the
appropriate lift fan, lift nozzle, and cruise nozzle thrusts



and lift fan and lift nozzle deflections. This processis
governed by the mode selected for the phase of operation.
In CTO and MTV modes, the throttle directly controlsthe
core engine' stotal thrust magnitude. In CTO mode, thrust
is not deflected, thrust vector angle is zero, and the nozzle
lever is positioned against its forward stop. In MTV
mode, the nozzle lever commands thrust vector angle.
Thetotal thrust command and the thrust vector angle
command are sent to the thrust management system to
calculate each nozzle thrust command and deflection.

In APP mode when flightpath command is not engaged,
the pilot also has direct control of the core engine thrust
while longitudinal velocity control laws command thrust
deflection. When flightpath command is engaged in either
APP or TRC mode, the longitudinal and vertical velocity
control laws and nonlinear inverse drive the individual
thrust and thrust deflection commands. Allocation of
thrust to the cruise nozzle, lift nozzles, and lift fan, as well
astheir deflections, is determined by four situations:. the
three methods used for the CTO mode, MTV mode, and
the APP mode (without flightpath command engaged) are
presented first, followed by the fourth method used in
conjunction with the flightpath command portion of the
APP mode and vertical velocity command for the TRC
mode.

Thefirst propulsion system solution appliesto CTO or
MTV mode when the lift fan isinoperative or when the
commanded net thrust vector angleis less than or equal to
0 deg. Lift fan and lift nozzle thrusts are set equal to zero,
and the longitudinal deflection angles of the lift fan and
lift nozzles are fully aft at 45 deg. Core engine thrust,
commanded by the throttle lever, is directed to the cruise
nozzle. The basic thrust equation for the aircraft,
regardless of control mode, is

e, TN, Ton -
KAUGNLF NLN NcN

wheren g =0.98, NN =0.98, and ncy = 0.99 and are
the efficiency factors of thelift fan, the lift nozzles, and
the cruise nozzle, respectively. Thelift fan augmentation
ratio Kayg = 2.07. For the case in which the pilot has
manual control of the core engine thrust, the net cruise
nozzlethrust Tcy issimply the product of T1y,p

and ncN-

The second caseis applicable for MTV and APP modes
without flightpath command, where the commanded net
thrust vector angleis less than 45 deg. Thelift fan and lift
nozzle deflections are fully aft at 45 deg. In MTV, the
thrust vector angle is commanded by the nozzle lever.

In APP, the command is derived from the longitudinal
velocity control law by

en =tan {(AX / Fror) (31)

where the total resultant thrust is made up of the axial and
normal force components:

Fror = +FZ (32

Fx =TLpsINd g + T Ny SINOLN +TeN (33)

F, = T F(cosd| F + DLJEI)
(34)
+ T n(cosd| g + DLJEI)

and DL JEI isthe contribution to normal force of the
jet-induced aerodynamic lift from lift fan and lift nozzle
thrust taken from reference 2. The relevant equationsto
satisfy in determining lift fan, lift nozzle, and cruise
nozzle thrust are those for total thrust, resultant thrust
vector angle, and pitching moment commanded by the
control system. The total thrust relationship appearsin
equation 30. The resultant thrust vector angle can be
expressed in terms of the axial and normal components
of theindividual nozzle thrusts necessary to meet the
commanded value of B):

[T, glcosd| g + DLJIEI a
[ILF( LF ) 0

3 +Tin(cosd  +DLIEN

. - =tan9N (35)
TLESINOLE + TN SINOLN + TeN

Equation 35 can be rewritten in terms of the individual
nozzle thrusts as

TLF[sinESLF tanOp —cosd| F — DLJE|]
+ TN [sind N tanBy — cosd| n ~ DLIEI] (36)
+TCN[tan9N] =0

The pitching moment contributions of each nozzlein
response to the commanded pitching moment PITCHcmD
are

T (LLp + DPMJEI) + T (LN +DPMJEI)
(37)
= P|TCHCMD

where the lift fan pitch moment arm and the lift nozzle
moment arm are calculated from the respective nozzle
deflections (fully aft in this case) and the distances of

these nozzles from the center of gravity of the aircraft:

LLE =XLF COSéLF +Z|F Sil’l6|_|: (38

LLN =XLN COSO|N +2Z NSNS N (39)
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Theterm DPMJEI isthe sum of the jet-induced pitching
moments generated by lift fan and lift nozzle thrust

(ref. 2). Equations 30, 36, and 37 are solved for lift fan,
lift nozzle, and cruise nozzle thrust. If the lift nozzle or lift
fan thrusts are negative or if they exceed their maximum
alowable values, then the equations for Tt and
pitching moment are solved again, with the lift fan or lift
nozzle thrust set to the appropriate limit.

If the cruise nozzle thrust calculated aboveis less than
zero, or if the commanded net thrust deflection angle is
greater than or equal to 45 deg, then the cruise nozzle
thrust is set to zero. Thisisthe third propulsion control
case for manual thrust control. Thetotal thrust equation is
essentially the same as above, with T¢ set to zero:

TLF TN
+ =TT (40)
KAUGNLF NLN CMDP
The lift fan and lift nozzle deflection angles are both
commanded to a common angle, oy, which is determined
by the commanded thrust vector angle, 8 according to
the following relationship:

3\ =90~ cos™* osoy |1+ 2cosdy DLIEI + DLIEI2 .

(41)

Jet-induced lift accounts for shift of the resultant vector
angle B away from the physical angle of the lift fan and
lift nozzles, dy. Moment arms are calculated for the lift
fan and lift nozzle from equations 38 and 39. Therela
tionship between the lift fan and lift nozzle thrust to
satisfy the pitching moment command is the same as for
equation 37, that is

TLr(L L +DPMJEI) + T (LN + DPMJEI)
(42)
= PITCHCMD

Equations 40 and 42 are solved simultaneously to find the
lift fan and lift nozzle thrusts. If either of the calculated
thrusts exceeds its limits, that thrust is limited accord-
ingly, and then the pitching moment equation is solved
again, with the lift fan or lift nozzle thrust set to the
appropriate limit. Total thrust is then recal culated based
on the two nozzle thrusts according to equation 40. This
means that the total thrust command from the control
system is overridden so as to satisfy the demands for pitch
control.

A different propulsion system control schemeis used for
the APP mode with flightpath command engaged and for
the TRC mode. In these cases, the longitudinal and
vertical velocity control and pitching moment laws
determine the axial and normal forces (AX and AZ) and
the pitching moment (PITCHcMmp) that the propulsion
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system must provide. This scheme comprises the fourth
method for determination of lift fan and lift nozzle thrust
and thrust deflection. When these modes are engaged, lift
fan and lift nozzles are free to deflect as needed to meet
the thrust vector angle command. Thrust is allocated
between these nozzles to satisfy axial and normal force
and pitching moment requirementsin conjunction with
the system’s commanded nozzle deflection angles. In this
case, thelift fan and lift nozzle deflection is defined by

1 X1+ 2cos3y DLJEI + DLXEI?
Jax2 +pz2 H

(43)

ON = 90-cos

The equation for total resultant force replaces the total
thrust equation:

(TLE + Tun 1+ 2cosSy DLIEI + DLJIEI?
(44)

=\ AX2 +pZ2

and the pitching moment relationship remains the same as
in equation 42. Lift fan and lift nozzle thrust is obtained
from the simultaneous solution of equations 42 and 44,
with the nozzle moment arms based on the nozzle deflec-
tion angle 8. If nozzle deflection limits and nozzle thrust
limits are reached, control over the longitudinal axisis
relinquished first, followed by control over the vertical
axis. If either of the calculated thrusts exceeds its limits,
that thrust is limited accordingly, and then the pitching
moment equation is solved again, with the lift fan or lift
nozzle thrust set to the appropriate limit. Total thrust is
then determined based on the two nozzle thrusts according
to equation 40.

Propulsion System

The propulsion system model developed for this
experiment is arepresentation of alift fan coupled to a
lift-cruise engine as shown in figure 2. The nozzle of the
lift-cruise engine provides axia thrust in cruise as well
asthrust vectoring for pitch control. Thrust can be trans-
ferred from the cruise nozzle to the lift nozzles and the lift
fan to produce longitudinal and vertical thrust during
transition and hover.

The lift-cruise engine responds to total thrust command,
TTemp Whichis calculated as a sum of the individual
nozzle thrust commands that are generated from the
control selector as given by equation 30 or 40. The closed
loop core thrust dynamic responseis modeled by a
second-order transfer function with adamping ratio ¢

and natural frequency wWeore:



O 2

O
Wcore DTTCM 5 (45)

Tr=0
s + 2{wcore ST (*)gore o

Aratelimit, Ty, and lift-cruise engine thrust
magnitude limit, Tt , areincluded in the second-order
transfer function model to represent physical thermal
limits of the propulsion system. Nominal values for these
dynamic properties are

{=0707 wcore =10rad/sec T, =8000 Ib/sec

The proportion of total thrust distributed to each
component is determined by theratio of each nozzle
thrust command to the total thrust command:

Ti = —CMB-Trn (46)

wherei represents the individual components (CN, LF,
LLN, and RLN). The thrust transfer rate for each nozzle,
Tirp.islimitedto Tyg -, nominally 30,000 Ib/sec.
Thefactor n; isthe efficiency factor for each nozzle.

For this experiment, a generic energy transfer between the
lift-cruise engine and the lift fan is assumed. Dynamically,
the lift fan thrust at the lift fan nozzle exit, T| g from
equation 46, is dependent on lift fan rotational speed and
inlet guide vane setting. The dynamic response is modeled
by afirst-order transfer function with atime constant of

W L, plus afirst-order washout transfer function, as
shown in figure 2. A rate limit, T| g max, @nd amaximum
lift fan thrust limit, T|_Fmax, are included to represent
physical constraints of the lift fan dynamics. The upper
and lower inlet guide vane (IGV) authorities are defined
as shown in equation 47, inwhich K|y, and Kigy, are
in percent of total lift fan thrust:

T|GVU = KIGVU TLFS ) T|GV|_ = KlGVL TLFS (47)

Thetotal lift fan thrust, T|_f, isin part due to rotational
speed and in part to IGV thrust, where n_g isthelift fan
efficiency constant:

TLF :(TLFS+TLFF)><HLF (48)

The mass flow rates of the primary and auxiliary inlets are
functions of the maximum lift-cruise engine thrust and the
respective maximum mass flow rates from the individual
inlets as shown in egquations 49 and 50. A maximum mass
flow rate of 11.2 slug/sec was used in each case. Primary
inlets are opened in CTO and APP, and are closed in
TRC. Auxiliary inlets are only opened in TRC to reduce
hot gas reingestion. The mass flow rate of the lift fan inlet
ismodeled as a function of lift fan thrust, maximum lift
fan thrust, and the maximum lift fan mass flow rate

(eg. 51) which was set to 14.0 slug/sec:

fpr = BT (49)
Pl Emgnﬂmax

N R e (50)
Al Emgﬂmmax

0 T O

my g = 51
LFI ETiLFMAXHnLFImaX (51)

Aggregate propulsion forces and moments from each
component are resolved into the aircraft body axes and
appear in the following equations:

Axial force
Fex = Feny +FLLN, *FRUN, LR +FRr
(52)
+Fal, tFLA
where
FCNX = TCN COSéCN
FLLN, = TLLN SINOLN COSOL Ny
FRLN, = TRLN SIN3| N COSO| Ny
FLF, =TLFSINOLF
Fpr, =Mp(-Ug - Qgzp)
Far, =mai(-Us - Qgzai)
FLri, =LA (-Us - QBZLA)
Sdeforce

Fey =Finy *Fpiy *Fal, *FLR, *Fres,  (53)
where
FLny = TLN SINSL Ny
Frcsy = —OvRecs
Fpiy = Mmpi (Ve +Pazp —Rexp)
Faly =Mai(~Vg +Pgza| ~RpXal)
FLry =My p (-Ve +PezLp —ReXLpA)
Normal force

Fez = Fen, *FLLN, *FRUN, t LR, +FPI,
(54)
+Fal, tFLR, *Fresz

13



where
Fen, = —Tensinden
FLLN, = ~TLLN COSOLN COSOL Ny
FRLN, = ~TRLN COSO| N COSO| Ny
FLF, =-TLFCOSOLF
Frcsz =9PRCS
Fpr, =Mmpi (-Wg +Qpxpy)
Far, =Mai(-Wg +Qpxai)
FLri, =MLm (-Ws +QpXLFI)
Rolling moment
TEL = ~FLLN, YLLN + FRLN, YRLN * ORRCSYRCS
(55)
~Fpiyzp —Far, za LR ZLF
Pitching moment
Tem = ~Fen,XeN ~ FLLN,XLLN ~ FRLN,XRLN
—FALEXLF *Fen, Zon HRLLN, ZLLN
+FRLN, ZRLN * FLR, ZLF ~FRcszXRes  (56)
—Fpi,xp = Fai,Xal —FLRLXLA
+Fp zp +Fal Zal Y FLRL ZLF
Yawing moment
TEN = FLNyXLN * FLLN, YLLN ~ FRLN, YRLN

*+FresyXres * Fpiy Xpr + Faly XAl (57)

ARy XLA

Concluding Remarks

The models of the integrated flight/propulsion control
system, propulsion system, and head-up display, used in
the simulation of an advanced short takeoff and vertical
landing lift fan fighter aircraft, have been modified to
reflect recent experience from flight and simulation

14

experiments with STOVL operations. These revisions
have been made based on evaluations during earlier
simulations of thislift fan STOVL configuration, as well
as from the V/STOL Systems Research Aircraft. They
include nonlinear inverse control lawsin al axes
(eliminating earlier versions with state rate feedback),
throttle scaling laws for flightpath and thrust command,
control selector commands apportioned based on relative
effectiveness of theindividual controls, lateral guidance
algorithms that provide more flexibility for terminal area
operations, and a simpler representation of the propulsion
system. A separate report describes the aircraft’'s
aerodynamics in wing-borne and jet-borne flight.
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Table 1. Aircraft geometry

Wing

Canard

Vertical tail (each)

Overdl length
Overall height

Area

Span

Mean aerodynamic chord
Aspect ratio

L eading edge sweep
Trailing edge sweep
Airfail

Area

Span

Mean aerodynamic chord
Aspect ratio

Leading edge sweep
Trailing edge sweep
Airfail

Area

Span

Mean aerodynamic chord
Aspect ratio

Leading edge sweep
Trailing edge sweep
Airfail

55.4 ft
14.16 ft

523.3 ft2
36.17 ft
18.42 ft
2.50
40.0 deg
30.0 deg
NACA 64A005

243.1 ft2
24.65 ft
12.55 ft
2.50
40.0 deg
30.0 deg
NACA 64A004.5

39.0 ft2
6.98 ft
7.11ft
1.25
40.0 deg
30.0 deg
NACA 64A004.5
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Table 2. Mass properties

Weight 30,000 b

X cg location 373.3in.

y cg location 0.0in.

z cg location 96.0in.

Pitch moment of inertia 91,200 slug-ft2
Roll moment of inertia 14,300 slug-ft2
Y aw moment of inertia 101,000 slug-ft2
Product of inertia 0 slug-ft2

Table 3. Flight control modes

Control axis Control mode designations (applicable flight phases)
CTO (wing-borne MTV (transition, hover) APP (transition, hover)  TRC (hover)
flight) APP (transition)
Pitch/roll Rate command Rate command — attitude hold,  Rate command — attitude
blend to attitude command hold, blend to attitude
command
Yaw Sideslip command Sideslip command, blend to Sideslip command, blend  Yaw rate
yaw rate command to yaw rate command command
Verticd Aerodynamic lift Thrust magnitude Flightpath command, Velocity
blend to velocity command
command
L ongitudinal Thrust magnitude Thrust vector angle (MTV), Acceleration command —  Velocity
accel eration command — velocity hold command
velocity hold (APP)
Lateral Velocity
command

16
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Table 5. Maximum and minimum throttle control commands and control sensitivity slopes

Ocmd Maximum Minimum Max slope Min slope
Thrust magnitude, % 100 3 1.01 0.99
Flightpath angle, v, 10 -10 0.43 deg/% 0.23 deg/%
deg
Vertical velocity, h, 175 -17.5 0.75 ft/sec/% 0.4 ft/sec/%
ft/sec

19
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Table 6. Control mode gains

Attitude control

Pitch

Control limits = £5.65 in.
Force gradient = 1 Ib/in.
Breakout = 0.15in.
KgqcaH =06 rad/sec3/in.
KTHEH = 0.2 rad/secZ/in.
KTHECAH = 0.6 rad/sec?/in.
Kg =9 sec?
Kg=6sec]

Kqc = 0.66 rad/sec?/in.
Kq =4 sec?
Kq=6sect

Tpitch = 1 sec

Y aw —transition

Control limits=+2.12 in.
Force gradient = 15 Ib/in.
Breakout =0.1in.

Kap = 0.5 rad/sec?/in.
Kg=28sect

Kg =4 sec™?

TgeTA =0.25%€C

Roll

Control limits=+4.2in.
Force gradient = 0.7 Ib/in.
Breakout = 0.05in.
KpcaH = 2 rad/secdin,
KpHiH =0.7 rad/sec2/in.
Kpnican = 1.5 radisec?/in.
Kg=9sec™?

K =6sect

Kpc = 3 rad/sec?/in.

Kps =6 sec™

Y aw — hover
Same

Same

Same

KapH = 1.4

K =4secl

Kg =0 (V <40 knots); 1.0 (V = 60 knots)

Velocity control

Longitudinal velocity
Control limits
Stick = +2.25in.
Thumbwheel = +£100 deg
Breakout
Stick = 0.225in.
Thumbwheel = 5.5 deg
Ky = 0.1 ft/sec?/deg
Tlong = 2 sec
Kyvxc = 8 ft/sec/in.
Kyyx=1secl
Tyc=2seC

Vertical velocity
Ky6 =1 rad/rad

Kyz=0.8sec™l
Kaz=1

Tyert = 0.1 seC

Lateral velocity

Kyyc = 5 ft/sec/in.

Kyy = 0.25 rad/sec?/ft/sec
Tjgt =5 sec

Rate limit = 5 ft/sec?/in.




Figure 1. Views of the ASTOVL lift-fan aircraft.
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Lift Fan Lift-Cruise Engine Cruise Nozzl
o ruise Nozzle

— p\
Lift Fan _ —
Nozzle Lift Nozzles'

TIGV
S TLF/F
Tie ———®»| Sto.,. P 7|£ Tirmax T
_ TIGV + ,— "
+/-TLrmax : T + gl
+ : 7{ 5 méF LFIS
4¢— XLF —®»|€4— XCN ———b]
ZCN
Lift Fan Lift-Cruise Engine |
Body-Fixed -
X AXis | ‘ a -_ * —
-
\ +0
* CG F ?_ Ny
z z
LF ] LN TeN
LF
) = | +*OLN TLN
—]

4 X N ———P
Body-Fixed Z Axis \/

Note: Distances measured forward of the center of gravity are considered positive.
Distances measured below the center of gravity are considered positive.

XCN =-19.72 ft zcN = 0ft dcN range = +20°, -20°
XLF=11.70ft z F=193ft ¢ prange= +45°, -10°
XLN = - 8.93ft z N=0ft O N range = +45°, -10°
YLN = 4.04 ft SNy range = +10°, -10°

Figure 2. Propulsion system configuration.
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CIRCLE
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Figure 4. Horizontal guidance.
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(wind direction | (heading-deg) 110
and magnitude ) 05 06 07 08 1? (pitch ladder)

| | | | |
20 (airspeed-knots) N\ .
200 (range -nmi) 1000 (altitude-feet)
LZM -180 (climb rate-ft/min)
A

I (control mode /

indicator)

L7

(landing deck)

_ ¥ ( o bracket)
(horizon)

(acceleration error ribbon) =

(-3 °glide slope) = = = = .

>.

(lateral acceleration ball)
(flightpath) A 3 (ghost aircraft)

(longitudinal and flap angle-deg)
acceleration - 10 F

scale-ft/sec?)

Figure 6. Approach display.



F
05 06 07 08
| | | |

N\
(range-feet)
50 900
v
(station keeping point) X A\
—

(longitudinal veIOC|ty
predictor ball)

(longitudinal velocity vector)

(vertical velocity)

Figure 7. Symbology for station keeping point capture.
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—
O|5 OI6 OI7 O|8

N\
20 150 100

(groundspeed-knots)] 8 - -120
I (control mode indicator)

O (velocity predictor ball)

(velocity vector) &

l (aircraft trident)

(wind direction) <

\( (direction of SKP i 1
if SKP not in sight) <> ) )
(SKP moves to the (vertical velocity)
TD point on the deck
when a/c is closing

into the deck) (deck and allowable sink

1 R8 1 rate ribbon are displayed
§ o e = =y hen @/C is OVer the deck)

Figure 8. Hover display.



Long and lateral

A Cruise and take-off (CTO) trim switches Long and lateral
Key: Y  Manual Thrust Vector(MTV) A Rate trim center stick
® Approach (APP) YV Rate/attitude trim A Rate cmd
B Hover/TRC (TRC) @ Rate/attitude trim / RCAH/ACAH
B Velocity trim @ RCAH/ACAH
Hl TRC

Throttle "
A Wave-off Two position
Thrust switch flap switch

V' Thrust _ Pedals

@ Thrust, ¥, h

n ; Thumbwheel A Sideslip cmd/turn coord.
Nozzle lever A no functfon WV Sideslip cmd/turn coord.
A o function (locked forward) z no function Yaw rate cmd

Accel cmd/vel hold @ Sideslip cmd/turn coord.

Y Thrust vector cmd W o function Yaw rate cmd

@ no function (back driven)

. . M vaw rate cmd
B no function (back driven)

Figure 9. Inceptor functions.
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Maximum

Nominal
Kyu

Commanded
Flightpath 0
Angle (Yomp)
YBRK —
Minimum

1
Minimum &

T

Minimum slope limit

slope
Maximum slope limit

Ky Or =0

Maximum
Throttle Position (67)

10a. Flightpath command

Maximum

Commanded
Thrust (FLA)

Idle

KTu

Initial point

of engage \

-

Desired slope

Idle

. Maximum
Throttle Position (67T)

10b. Thrust command

Figure 10. Throttle command relationships.
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16

Pitch attitude, deg

Canard deflection, deg

1.0

0.6

Longitudinal stick, in

0.0

2 4 6
Time, sec

Figure 12a. Pitch response to pitch rate command at 200 knots.
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Figure 12b. Closed loop frequency response of pitch rate to pitch rate command for pitch rate
commandyattitude hold system at 200 knots.
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Lift fan and lift nozzle thrust, Ibs

Pitch attitude, deg

16x10°

Longitudinal stick, in
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Figure 13a. Pitch response to pitch attitude command in hover.
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Figure 13b. Closed loop frequency response of pitch attitude to pitch attitude command for pitch
attitude commandyattitude hold system in hover.
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Figure 15a. Roll response to roll rate command at 200 knots.
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Figure 16a. Roll response to roll attitude command in hover.
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Figure 17a. Lateral velocity response to lateral velocity command in hover.
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Figure 17b. Closed loop frequency response of lateral velocity to lateral velocity command for
translational rate command system in hover.
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Figure 19a. Sideslip response to sideslip command at 200 knots.
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Figure 19c¢. Closed loop frequency response of heading rate to heading rate command for heading
rate command system in hover.
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Figure 21a. Longitudinal velocity response to longitudinal velocity command in hover.
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Figure 23a. Vertical velocity response to vertical velocity command in hover.
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Figure 25. Maximum canard nose-up pitching moment coefficient as a function of angle of attack.
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Figure 26. Maximum canard nose-down pitching moment coefficient as a function of angle of attack.
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Figure 29. Maximum aileron rolling moment coefficient as a function of angle of attack.
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Figure 30. Derivative of rolling moment coefficient with aileron deflection as a function of angle of attack.

59



60

CLDR

.0300

.0260 |—

.0240 |—

.0220 |—

.0200 |—

.0180 [—

.0160 [—

.0140 |—

.0120 |—

.0100 —

.0280 |—

.0080 —

.0060 —

.0040 —

.0020 —

0 I | I | I | I | I | I | I |

-14 -8 -2 4 10 16 22 28
Angle of attack (deg)

Figure 31. Derivative of rolling moment coefficient with rudder deflection as a function of angle of attack.
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Figure 32. Derivative of yawing moment coefficient with aileron deflection as a function of angle of attack.
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Figure 33. Derivative of yawing moment coefficient with rudder deflection as a function of angle of attack.
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